The effect of carbachol (Cch) on intracellular calcium concentration ([Ca 2+ ] i ) in eel enterocytes was examined using the fluorescent Ca 2+ indicator fura-2. Cch caused a biphasic increase in [Ca 2+ ] i , with an initial spike followed by a progressively decreasing level (over 6 min) to the initial, pre-stimulated, level. We also show that isolated enterocytes stimulated with increasing Cch concentrations (0·1-1000 µM) showed a dose-dependent inhibition of the Na + /K + -ATPase activity. The threshold decrease was at 1 µM Cch; it reached a maximum at 100 µM (50·5% inhibition) and did not decrease further with the use of higher dose. The effect of Cch on Na + /K + -ATPase activity was dependent on both protein kinase C (PKC) and protein phosphatase calcineurin activation since the PKC inhibitor calphostin C abolished Cch effects, while the calcineurin inhibitor FK506 augmented Cch effect. Collectively, these data establish a functional pathway by which Cch can modulate the activity of the Na + /K + -ATPase through a PKCdependent (calphostin C-sensitive) pathway and a calcineurin-dependent (FK506-sensitive) pathway.
] i , with an initial spike followed by a progressively decreasing level (over 6 min) to the initial, pre-stimulated, level. The effect of Cch was dose-dependent with a 7·5-fold increase in [Ca 2+ ] i over basal level induced by the maximal dose of Cch (100 µM). In Ca
2+
-free/EGTA buffer the effect of Cch was less pronounced and the [Ca 2+ ] i returned rapidly to basal levels. The increment of [Ca 2+ ] i was dose-dependently attenuated in cells pre-treated with U73122, a specific inhibitor of phospholipase C, suggesting that the Cch-stimulated increment of [Ca 2+ ] i required inositol triphosphate formation.
In the presence of extracellular Ca 2+ , thapsigargin (TG), a specific microsomal Ca 2+ -ATPase inhibitor, caused a sustained rise in [Ca 2+ ] i whereas in Ca 2+ -free medium the increase in [Ca 2+ ] i was transient; in both cases, subsequent addition of Cch was without effect. When 2 mM CaCl 2 were added to the cells stimulated with TG or with Cch in Ca 2+ -free medium, a rapid increase in [Ca 2+ ] i was detected, corresponding to the capacitative Ca 2+ entry. Thus, both TG and Cch depleted intracellular Ca 2+ stores and stimulated influx of extracellular Ca 2+ consistent with capacitative Ca 2+ entry.
K + depolarization obtained with increasing concentrations of KCl in the extracellular medium induced a dose-related increase in [Ca 2+ ] i which was blocked by 2 µM nifedipine, a non-specific L-type Ca 2+ channel blocker. Nifedipine also changed significantly the height of the Ca 2+ transient, and the rate of decrement to the pre-stimulated [Ca 2+ ] i level, indicating that Ca 2+ entry into enterocytes also occurs through an L-type voltagedependent calcium channel pathway.
We also show that isolated enterocytes stimulated with increasing Cch concentrations (0·1-1000 µM) showed a dose-dependent inhibition of the Na + /K + -ATPase activity. The threshold decrease was at 1 µM Cch; it reached a maximum at 100 µM (50·5% inhibition) and did not decrease further with the use of higher dose. The effect of Cch on Na + /K + -ATPase activity was dependent on both protein kinase C (PKC) and protein phosphatase calcineurin activation since the PKC inhibitor calphostin C abolished Cch effects, while the calcineurin inhibitor FK506 augmented Cch effect. Collectively, these data establish a functional pathway by which Cch can modulate the activity of the Na
Introduction
The intestine, together with the gill and the kidney, supports euryhalinity. The epithelium of eel intestine is a single layer of columnar cells (Clarke & Witcomb 1980) performing, in saltwater (SW)-acclimated eels, a vigorous coupled transport of water and NaCl. In this epithelium, the electrogenic cationic pump Na + /K + -ATPase is essential in transcellular movements of water and ions, together with the operation of an apical 2 Cl -/Na + /K + symporter (Marvão et al. 1994 ) and a baso-lateral located sodiumdependent Cl -/HCO 3 -exchange (Ando 1990 , Schettino et al. 1992 .
We showed that the activity of the Na + /K + -ATPase present in all the osmoregulatory organs is modulated by angiotensin II (Ang II) (Marsigliante et al. 1997) through the elevation of the intracellular calcium ([Ca 2+ ] i ) (Marsigliante et al. 2000 (Marsigliante et al. , 2001 . Certainly, Ang II is not the only hormone to play a role in controlling euryhalinity: cortisol, prolactin, adrenocorticotrophin (ACTH), glucagon (Zadunaisky 1984) , growth hormone (GH) and insulin-like growth factor-I (IGF-I) (Sakamoto & Hirano 1993 , Madsen et al. 1995 may also contribute to the control of water and ion movement.
The neurotransmitter acetylcholine (ACh) is also able to modulate the ion fluxes occurring through the enterocytes. Precisely, ACh decreases NaCl and water absorption across the eel intestine (Mori & Ando 1991) , probably inhibiting the 2 Cl -/Na + /K + symporter (Trischitta et al. 1999) . Muscarinic ACh receptors (mAChR) have been previously described in fish (Oduleye & Evans 1983 , Osborne 1990 , Bleich et al. 1999 , Vornanen & Tuomennoro 1999 but the mechanisms of their intracellular signalling have not been identified. Furthermore, to date, no information regarding the effects of ACh on Na + /K + -ATPase activity and on [Ca 2+ ] i in eel enterocyte are available. It is well known that the primary effector mechanism activated by mAChR is the hydrolysis of phosphoinositides by phospholipase C (PLC) (Lajat et al. 1996 , May et al. 1999 , Montiel et al. 2001 , which generates the second messengers inositol triphosphate (InsP 3 ) and diacylglycerol (DAG). Each of these two metabolites activates a different pathway; DAG directly activates protein kinase C (PKC), whereas InsP 3 mobilizes Ca 2+ from intracellular stores. Since ACh regulates ion and water absorption, and because in eels Ang II regulates Na + /K + -ATPase activity via calcium mobilization (Marsigliante et al. 2000 (Marsigliante et al. , 2001 , it seemed appropriate to determine whether mAChR stimulation affects the Na + /K + -ATPase activity, and whether the muscarinic receptor agonist carbachol (Cch) mobilizes calcium in eel enterocytes.
Materials and Methods

Animals
All animals used were European yellow eels (Anguilla anguilla), raised in freshwater, weighing between 150 and 200 g, and kept under environmental conditions of photoperiod (14 h light : 10 h darkness) and water temperature (16-20 C) 
Materials
Fura-2-acetoxymethyl ester (fura-2-AM), thapsigargin (TG), U73122, calphostin C, FK506 and rapamycin were from Calbiochem-Novabiochem GmbH (Schwalbach, Germany). Cch, atropine, BSA, nifedipine, pluronic F-127, and other reagents were from Sigma Chemical Co. (St Louis, MO, USA).
Preparation of enterocytes
Eels were killed by decapitation. The intestines were rapidly removed, placed in 188·2 mM NaCl ice-cold solution and then rinsed several times with the same buffer to remove food particles, mucus and other contaminants.
The intestinal mucosa was stripped off from the other tissues using fine forceps. Cells were isolated at room temperature by gently stirring the intestine pieces with a glass rod for 10 min in a sodium citrate buffer (27 mM Na citrate, 96 mM NaCl, 5·6 mM NaH 2 PO 4 , 1·5 mM KCl adjusted to pH 7·6 with Tris-HCl). This procedure was repeated twice. The released cells were filtered in sequence through nylon membranes of different pore size (225, 100 and 50 µm respectively) and then centrifuged at 100 g for 10 min. The supernatant was discarded and the pellet containing the isolated cells was suspended in a physiological saline solution (PSS): 4 mM KCl, 2 mM CaCl 2 , 4 mM NaHCO 3 , 1 mM MgSO 4 , 0·5 mM NaH 2 PO 4 , 150 mM NaCl, 30 mM HEPES, 10 mM -glucose and 2 mM -glutamine adjusted to pH 7·6 with Tris-HCl, all from Sigma Chemical Co., Milan, Italy) and incubated for 2 h in an incubator at 22 C in humidified atmospheric air to permit recovery from the isolation stress. Cells were washed with PBS and immediately used for Na + /K + -ATPase activity assay and for [Ca 2+ ] i determinations. Cell viability was evaluated by a Trypan Blue exclusion test and was higher than 95%.
Determination of [Ca 2+ ] i
After washing the cells with PBS, these were incubated with 5 µM fura-2-AM for 45 min at 25 C with continuous shaking (100 cycles/min). Following the loading period, the cells were washed twice with PSS, incubated again for at least 10 min at room temperature to facilitate hydrolysis of the esterified probe, and washed once again. The cells were resuspended in the same buffer containing 0·1% BSA, and 2 ml of the cell suspension was added to a fluorescence cuvette kept at 25 C, and stirred throughout the experiment. The fluorescence intensity was measured with a JASCO FP 750 fluorometer (Jasco Corporation, Japan). The excitation wavelengths were 340 and 380 nm, and emission was measured at 510 nm. The maximal fluorescence was determined at the end of the assay by adding 20 µl 10% SDS and the minimal fluorescence by adding 15 µl 0·5 M EGTA solution, pH 9·0. The cytoplasmic Ca 2+ concentration at time t was calculated using the software of the spectrofluorometer and assuming a dissociation constant for the fura-2-Ca 2+ complex of 224 nM, according to the Grynkiewicz equation (Grynkiewicz et al. 1985) :
where F denotes the time course of the fluorescence at 510 nm after dual excitation at 340/380 nm, and F 380 was the fluorescence at 510 nm after excitation at 380 nm.
Measurement of Na + /K + -ATPase activity in isolated enterocytes
The phosphorus released from the hydrolysis of ATP was measured by the Fiske and Subbarrow method (Higgins 1987 ) modified as previously described (Marsigliante et al. 2000) . This method is based on the reaction between phosphate and molybdate to give the yellow molybdate phosphoric acid which contains a Mo (VI) that is then reduced to Mo (V) present in a blue coloured eteropolyacid compound. This blue compound is directly measured by reading the absorbance at 700 nm. Briefly, two assay mixtures (solution A containing (in mM): 10 MgCl 2 ; 189 NaCl; 42 KCl; 47 ATP-Na 2 ; 50 imidazole; pH 7·5, and solution B made as A but also containing 2·4 mM ouabain) were made just prior to assay. The phosphate produced from ATP hydrolysis in isolated enterocytes homogenates (2 mg protein/ml) after 10 min at 25 C, in the presence and absence of ouabain, was determined directly by reading the absorbance at 700 nm of a standard curve from 0 to 800 nmol of phosphate. Na + /K + -ATPase activity was expressed as µmoles of inorganic phosphate (Pi)/mg protein per hour.
Protein concentration
This was measured with the Bio-Rad Protein Assay Kit I. Lyophilized bovine plasma -globulin was used as standard.
Statistical analysis
Data are expressed as the mean S.E.M. Differences between groups were tested using Student's t-test. Differences between multiple groups were tested using two-way ANOVA for repeated measures and checked for significance using the post hoc Bonferroni's test.
Results
Effect of Cch on [Ca 2+ ] i
The resting [Ca 2+ ] i in eel enterocytes was 102 9 nM (n=10).
Cch-induced Ca 2+ mobilization was examined by measuring the changes in free [Ca 2+ ] i using fura-2 as a Ca 2+ indicator. Addition of Cch evoked an early peak rise in [Ca 2+ ] i with maximal increases occurring at approximately 30 s, followed by a progressively decreasing level (over 6 min) to the initial, pre-stimulated, level ( Fig. 1 and Fig. 2A , trace b). The effect was dose-dependent, thus Cch caused a doubling of [Ca 2+ ] i at 1 µM and up to a 7·5-fold increase at 100 µM ( Fig. 1, inset ). The effect of Cch was receptor-mediated inasmuch as the muscarinic antagonist atropine blocked the inhibition (Fig. 1) .
TG was used in order to determine whether Ca 2+ mobilization from the intracellular stores was involved in the initial Cch-induced elevation of [Ca 2+ ] i . In the presence of extracellular calcium, 1 µM TG caused an increase in [Ca 2+ ] i , and subsequent addition of Cch was without effect (Fig. 2A, trace a) .
We next examined the extracellular origin of the Ca 2+ sustained phase using a Ca 2+ -free medium, obtained by adding 2 mM EGTA to the cellular suspension; in these experimental conditions, the effect of Cch was less pronounced and the Ca 2+ sustained phase observed previously rapidly returned to basal levels ( Fig. 2A, trace c) .
Effect of U73122 on intracellular Ca 2+ mobilization
We investigated directly whether increased PLC activity was involved with the mechanism whereby Cch induces Ca 2+ influx. To this end we used the compound U73122, a specific inhibitor of PLC in several cell types (Smith et al. 1990 ). Pre-treatment of cells with different U73122 concentrations produced an inhibition of Cch effect, which reached 100% at 10 µM U73122 (Fig. 2B) . ] i level (Fig. 3A) . More precisely, nifedipine decreased the [Ca 2+ ] i from 650 to 520 nM and shortened the time needed to reach the pre-stimulated [Ca 2+ ] i level from 540 to 450 s (Fig. 3A) . As shown in Fig.  3B , increasing the KCl concentrations in the extracellular medium to achieve a membrane depolarization induced a dose-related increment in [Ca 2+ ] i which was blocked by 2 µM nifedipine (Fig. 3B, trace d) .
Effect of L-VDCC agents on [Ca
Effects of Cch on capacitative Ca 2+ entry
In many cases, the mobilization of internal Ca 2+ results in capacitative Ca 2+ entry (Thastrup et al. 1990 , Putney & Bird 1993 ] i changes, we studied the effects of Cch on Ca 2+ influx using buffers with Na + concentrations of 0, 50, 100 and 140 nM (Na + was replaced by N-methyl--glucamine (NMDG); this cation was chosen to avoid the complications associated with the use of K + (membrane depolarization) or choline (muscarinic receptor stimulation), see Murakami et al. 1986) . As shown in Fig. 5 , in the absence of Na + the basal [Ca 2+ ] i increased significantly from 102 9 to 125 7 nM (n=5) (Student's t-test: P<0·05) and the effects of Cch were dependent on Na + concentration (ANOVA: P<0·05).
Effects of Cch on eel enterocyte Na + /K + -ATPase activity
The method used here for measurement of Na + /K + -ATPase activity was sensitive and reproducible. The coefficient of variation of a single assay was 3·6% (n=8) and Na + /K + -ATPase activity increased linearly with increasing amounts of cells from 5 to 30 µg protein. Na + /K + -ATPase activity in isolated enterocytes obtained from the middle segment was 7·77 0·69 µmol Pi/mg protein per hour (n=8).
Using increasing concentrations of Cch on isolated enterocytes, a significant dose-dependent decrement in the Na + /K + -ATPase activity was found (ANOVA: P<0·0001). A threshold decrease was observed at 1 µM Cch with a maximum at 100 µM Cch (from 7·77 0·69 to 3·92 0·93 µmol Pi/mg protein per hour, n=5 animals). No further decrease was shown at 1000 µM Cch (Fig. 6A) . The effect of 100 µM Cch was timedependent. There was a threshold decrease at 5 min, a maximal effect at 15 min and no further effects at longer incubation times (Fig. 6B ).
PKC and calcineurin are involved in the Cch regulation of the Na + /K + -ATPase activity
Earlier investigations supported a role for Ang II in decreasing basal Na + /K + -ATPase activity (Marsigliante et al. 2001) . Studies were then performed to assess the impact of Ang II on the actions of Cch and vice versa. As reported previously, the threshold decrease in Na + /K + -ATPase activity is at 0·01 nM Ang II with a maximum at 10 nM Ang II. As shown in Fig. 6C , Ang II did not affect the Cch dependent decrement of the Na + /K + -ATPase activity; conversely, 100 µM Cch significantly decreased the effect of Ang II on Na + /K + -ATPase activity. Pre-incubation of cells with different U73122 concentrations or with different concentrations of calphostin C (a selective antagonist of PKC) produced an inhibition of the effect of the co-administration of Ang II (10 nM) and Cch (100 µM), which reached 100% at 10 µM U73122 (Fig.  7A ) and at 100 nM calphostin C (Fig. 7B) . Significantly, the effect of Cch or Cch+Ang II to inhibit Na + /K + -ATPase activity was augmented by the presence of FK506, a selective inhibitor of calcineurin (Fig. 7C) . FK506 dose-dependently increased the inhibition of Na + /K + -ATPase; complete inhibition was observed at a concentration of 5-10 µM FK506. This effect appeared to be specific since Cch-provoked Na + /K + -ATPase activity was not further inhibited by rapamycin, an analogue of FK506 that binds the same intracellular receptor as FK506 (FKBP-12) but does not affect calcineurin activity (Fig.  7D) .
Discussion
Isolated enterocytes provide a good model to investigate the Cch signal transduction pathway in intestine. In this paper we demonstrate that the enterocytes express a muscarinic receptor coupled to Ca 2+ mobilization. Cch produced a biphasic increase in [Ca 2+ ] i which is mediated by Ca 2+ release from the stores and by Ca 2+ influx across plasma membrane through both an L-VDCC and a signal. It is known that the intestine of SW-acclimated eels is an important site of water and NaCl transport from the lumen to the blood; such NaCl transport is decreased by ACh.
We here extend our study on the effects of agonists on the activity of the Na + /K + -ATPase in eel enterocytes. Our data demonstrate that in enterocytes isolated from SW-acclimated eels, the muscarinic receptor agonist Cch caused a significant dose and time inhibition of Na + /K + -ATPase. Thus, in SW-acclimated eels ACh may act as a down-regulator of the Na + /K + -ATPase activity in the gut. This effect may be of importance to the control of salt and water re-absorption and is similar, yet less quantitatively pronounced, to the effect of Ang II in the enterocyte shown previously (Marsigliante et al. 2001) .
The mechanisms underlying Ang II and Cch effects were assessed firstly by using U73122. Co-administration of Cch and Ang II induced an U73122-sensitive decrement of Na + /K + -ATPase activity suggesting similar intracellular transduction system with the involvement of Ca 2+ mobilization. Previous studies on eel enterocytes (Marsigliante et al. 2001) showed that the effect of Ang II on [Ca 2+ ] i is much lower than the Cch-provoked increment; nevertheless, Cch decreased the activity of Na + /K + -ATPase by only 50·5%, while Ang II decreased it more effectively (by 75%). The Ang II inhibition of Na + /K + -ATPase activity is entirely dependent on the activation of PKC isoforms since calphostin C completely blocked it; conversely, the action of Cch appeared to be only in part dependent on PKC. It is well known that the [Ca 2+ ] i increment may also activate the Ca 2+ /calmodulin pathway resulting in the activation of the serine/threonine protein phosphatase calcineurin (for review see Rusnak & Mertz 2000) . To assess whether calcineurin is implied in the Cch regulation of the Na + /K + -ATPase activity, FK506, a potent, specific, and well-known inhibitor of calcineurin, was used to presumptively block the dephosphorylation of Na + /K + -ATPase. As reported in Fig. 7C , the use of FK506 reveals a synergy between Ang II and Cch, which appeared to share the same intracellular transduction system involving [Ca 2+ ] i increment and PKC activation. Consistent with these data, it would be reasonable to form the hypothesis that a functional pathway exists by which Ca 2+ can modulate the activity of the Na + /K + -ATPase through a PKC-sensitive pathway and a calcineurin-dependent (FK506-sensitive) pathway. The PKC-sensitive pathway, which requires low [Ca 2+ ] i transients (obtainable with Ang II), is responsible for determining the full inhibitory effect on the Na + /K + -ATPase. The understanding of how PKC/calcineurin regulates the Na + /K + -ATPase hinges on the identification of other factors with which they eventually cooperate. Physiologically, the diffusional influx of ions occurring in SW-adapted animals is offset by the extrusion of NaCl through the gill and the reduction of ion uptake ( 
